Direct observation of the intracranial circulation
is limited to studies of the pial and penetrating vas culature, either in vivo (Forbes, 1928; Levasseur et aI. , 1975) or in vitro (Dacey and Duling, 1982) , While controversy exists as to the proper in vivo methodology (Kontos, 1980; Kuschinsky and Wahl. 1980) , closed window techniques appear to be ad vantageous because of the prevention of brain her niation and of CO2 loss from the perfusion fluid (Na vari et aI. , 1978) . Previous studies with closed window techniques have been performed primarily in large laboratory animals such as dog, cat, or rabbit, although some investigators have utilized an open window technique in the rat and mouse (Ro senblum and Zweifach, 1963; Wahl et al. , 1970; Ma et al., 1974; Lassoff and Altura, 1980; Harper and Bohlen, 1984) . The ability to observe the pial vas culature in rodents allows the use of a less costly experimental animal. In this study we describe the development and perfection of a closed window centration of IO-� M, Almost a twofold increase in di ameter was noted at 10-3 M, In contrast to the effect of COe inhalation, the degree of dilation with topical appli cation of adenosine was not size dependent. Pial venules did not respond to adenosine, The technique for obser vation of pial vessels using the closed cranial window and for measurement of vessel diameter by video camera system microscopy is a powerful tool for studying in vivo the cerebral circulation in the rat. Key Words: Adeno sine-Carbon dioxide-Pial vessel-Pial window, technique in the rat and report the response of pial arterioles (10-70 f.Lm) and venules (15 -100 f.Lm) to 7% carbon dioxide and topical application of aden osine (10-9 -10-3 M), Adenosine has been proposed as a regulator of CB F, but its effect on rat pial ves sels in vivo (both arterioles and venules) is un known (Winn et al. , 1981c) .
METHODS

Anesthesia
Adult male Sprague-Dawley rats weighing 350-400 g were initially anesthetized with 2-3% halothane, The right femoral artery and vein were cannulated for moni toring MABP and intravenous administration of drugs, The rats were tracheostomized, immobilized with tubo curarine chloride (I mg/kg i. v .J, and mechanically venti lated (Harvard 680). The concentration of halothane was decreased to at most 0.5% and a mixture of air and ox ygen inhaled. End-tidal COo was continuously measured by a COo analyzer (Beckman LB-2), and a respirator was adjusted to maintain end-tidal CO2 from 4.5 to 5.0% and keep arterial blood gas tension within normal range. A small amount (0.2 ml) of arterial blood was anaerobically sampled for measurements of pH, Pac02, and Pao2. Rectal temperature was monitored and maintained at 37°C by a mat with circulating water thermostatically regulated.
Operative procedures
One percent Carbocaine was infiltrated subcutaneously around both external auditory meattus and the midline of the cranial vertex. After the head of the rat was fixed in a stereotaxic frame, the skull was exposed by a longitu dinal skin incision from the occiput to the forehead. The periosteum was removed completely and the surface of the skull was cleaned and kept dry. Three polyethylene tubes (PE-50) were placed on the skull and embedded in dental acrylic. The tubes were subsequently used for measurement of intracranial pressure OCP) and super fusion of artificial CSF. The dental acrylic was mounted in a doughnut shape with thickness of I mm around the right parietal bone. Before the acrylic solidified, we pressed a glass slide onto the acrylic doughnut to obtain a flattened surface that would subsequently support a cover glass. A craniectomy was then performed in the center of the acrylic doughnut, using power drill and mi crorongeur. Under an operative microscope, the bone in the mediocaudal portion of parietal bone was thinned for an area 1.5 mm in diameter. This portion of the parietal bone was chosen because previous dissections had shown that major pial arterioles are not usually located in this area. The thinned bone was taken off by microforceps and the dura mater exposed. The parietal bone was re moved piece by piece, care being taken not to depress the dura mater. Bleeding from the bone was stopped by bone wax. Bleeding from the dural surface was controlled by temporary topical application of cotton pledgets. The dura mater was never cauterized with bipolar coagulation until the dura was reflected. After completion of hemo stasis, the dura mater was incised with an ophthalmic scalpel. Since the dura mater and arachnoid membrane together contribute to the formation of a complex, con tinuous membrane layer (Nabeshima et al.. 1975) . both tissues were incised together. The incision was extended to the edge of the bone window by microscissors, and the dura-arachnoid complex was reflected. Bleeding from the edge of the dura mater was cauterized over the bone only after the reflection, using a bipolar coagulator with the smallest electrical current. Meticulous attention was used to avoid injuries of pial vessels by electrical current. The average size of the cranial window was �5
x 6 mm ( Fig. I) .
Artificial CSF was perfused over the exposed pial sur face and a cover glass (12 mm in diameter and 0.13 mm thick) placed over the window, resting on the dental acrylic. Air bubbles were removed from the window at this point, and the edge of the glass sealed to the acrylic pressure outflow cover glass with butyl-2-cyanoacrylate (B. Braun Melsungen A.G.).
On contact with water, this substance changes from monomer to polymer, forming a membrane instanta neously. The window is thus rapidly and completely sealed. The level of the outflow tube was adjusted to create an ICP of 3-5 mm Hg. At this constant pressure, brain herniation can be prevented. Through the window, branches of the middle cerebral arteries and the superior cerebral veins could be observed.
Superfusion of artificial CSF
The artificial CSF had the following composition: Na + 156.5 mEq/L. K + 2.95 mEq/L, Ca 2 + 2.50 mEq/L, Mg 2 + 1.33 mEq/L, C\ -138.7 mEq/L, HCO,-24.6 mEq/L, dex trose 66.5 mg/dl, and urea 40.2 mg/dl. The f1uid was equil ibrated with 10% 0" 6% CO" and the balance N, at 37°C. The pH after equili b ration w as 7.34-7 .35. The Po" Peo" and osmolarity of five consecutive solutions wer e 77 ± 2 mm Hg, 43 ± 1 mm Hg, and 308.2 ± 2.8 mOsmollL (mean ± sm, respectively. The artificial CSF was con tinuously bubbled with the mixtured gas and directly con nected to a superfusion system consisting of a pump and a warming device. To avoid gas diffusion into or out of the system, polyethylene, glass, and steel tubing was used. The speed of superfusion was 0.5 mllmin. During superfusion ICP was controlled by altering the level of the outf1ow tube.
Microscope and video system
The microscopic assembly included a Zeiss Epi micro scope body with a vertical illuminator (III Ll45) and bright-field-dark-field objectives (X 4 and x 8; Epiplan 4/0.10 HD, 8/0.20 HD). These objectives are designed to detect ref1ected light. and their working distance is 2.0 mm. Since an object is further magnified by x 1.6 through the microscope body, total optical magnification was x 6.4 and x 12.8, respectively. For direct observation a binocular phototube was mounted, and eyepieces of x 10 (Cpl x 10) used. The light source was a halogen lamp (12 y, 100 W; Osram) in a Zeiss lamp house, with a heat reflection filter (Calf1ex) placed between lamp house and illuminator to avoid heating the cranial window. Next to the heat filter, a green filter with iI. value of 546 nm was used to enhance black-white contrast on the video mon itor.
We used a video camera to measure the diameter of Three polyethylene tubes are embedded in the dental acrylic and are utilized for measurement of intracranial pressure and superfusion of artificial CSF. The window is covered and sealed with a cover glass 12 mm in diameter. Right: Side view of the cranial window. The structural relation of each element is illustrated.
pial vessels. The low light-level video camera (Newvicon; Dage-MTI) was mounted on the phototube of the micro scope body. Video signals were transmitted to a video cassette recorder (model NV-8950; Panasonic) through a video timer and to a dimension analyzer (Video-microm eter, model 305; Colorado Video) that provided diameter measurements on the video monitor (Panasonic WV-5410). The dimension analyzer permits two lines to be superimposed on the video display of the vessels, and generates a direct current output proportional to the dis tance between the two lines (Duhling et aI., 1981) . The direct current signals were continuously recorded on a chart recorder (Linseis 2065). The video micrometer also provided electrical information about contrast of the image, permitting accurate and objective determination of the edge of the pial vessel. To tal magnification was x 195 and x 390, and fields of view on the video monitor were 1,400 xl , 100 f.lm and 700 x 550 f.lm, respectively, depending on the objective lens utilized.
To ensure accuracy and reproducibility of measure ments in this system, repeated measurements were made in vitro using a stage micrometer. Lengths of 100, 50, and 20 f.lm were measured, and coefficients of variation were 0.45, 0.92, and 2.19%, respectively, with the x 8 objec tive. Resolution of the system was determined to be 1-2 f.lm, but because of optical disturbances caused by dif fraction and refraction, resolution decreased to � 2 f.lm under in vivo conditions.
In some of the cranial window experiments, a small thermister (BAT-4; Bailey Instruments) was placed inside the window and the effect of illumination on temperature was examined. By utilizing a low light-level video camera, we were able to minimize light intensity. Fur thermore, the use of a heat reflection filter limited the increase in temperature to 0.2°C.
Reactivity of pial arterioles and venules to CO2 and adenosine
To verify our preparation, we studied the reactivity of pial vessels to CO2 inhalation using a two-respiratory technique. A mixture of7% CO2, 40% °2and the balance N2 was inhaled for 2-3 min. Arterial blood was sampled for the measurement ofPaco2, Pao2, and pH, while MABP and ICP were continuously recorded. Both inflow and outflow tubes of the window were closed during CO2 in halation.
Adenosine (Sigma) was dissolved in CSF in seven varying concentrations (10-9, 10-8, 10-7, 10-6, 10-5, 10-4, and 10-3 M). The pH of the solutions was tested and found not to change with the addition of adenosine. The solutions were superfused under the cranial window at 0.5 mllmin for 7-8 min with each concentration. ICP was kept constant at 5 mm Hg during superfusion and measurement of vessel diameter. Control diameter mea surements were obtained after perfusing with artificial CSF alone. In eight rats, adenosine solutions in in creasing concentrations were superfused consecutively and dose-response curves generated. In seven other rats, only the 10-6 M adenosine solution was superfused. Both arteriolar and venular segments of various diameters were measured. Arterial blood was repeatedly sampled and measured for Paco2, Pao2, and pH, and the respirator adjusted to maintain these parameters stable and within normal range.
Statistical analysis
Mean values, standard deviations, and standard errors of the mean were calculated for all data. Differences be tween the means in physiological parameters before and during CO2 inhalation were determined with Student's t test for paired data. Regression analysis was performed to compare control diameter of arterioles with the per centage diameter increase during CO2 inhalation. The correlation coefficient was then calculated.
RESULTS
Reactivity to CO2 inhalation
In 18 animals, 7% CO2 was inhaled 28 times, and diameter measurements made in 73 arteriolar and 29 venular segments. Arterial vessels on the brain surface were never observed to be > 100 fLm. Table  1 illustrates the changes in parameters during the hypercarbic state. Figure 2 illustrates arteriolar CO2 reactivity as compared with the resting diameter of all vessels. It is apparent that smaller arterioles di lated more than larger ones. Those >40 fLm in di ameter dilated by � I % of their normocapnic di ameter per millimeter mercury change of P a co2' In contrast, those arterioles <20 fLm dilated 2%/mm Hg change in P a co2. The regression analysis con firmed a size-dependent response curve (Fig. 2) .
Venules 15-100 f.lm in diameter were also ob served during CO2 inhalation. In contrast to arte rioles, pial venules did not respond in a consistent way. While many venule segments did not alter their diameter, some of them dilated slightly and others constricted slightly (Fig. 3) . In general, com pared with arterioles, venules were unresponsive to changes in P a co2• Reactivity to adenosine With 10-3 M, a 100% increase in diameter was noted. Figure 5 illustrates the reactivity of arterioles 10-50 fLm in size to 10-6 M adenosine as compared with resting diameter. As can be seen in Fig. 5 , the percentage increase in diameter does not vary with Values are means ± SE (n = 28).
CO2 inhalation
51.6 ± 3.la 121.1 ± 17.9
7.27 ± 0.02" 120.9 ± 9.8 a p < 0.005 versus control values before CO2 inhalation. method we found that rat pial arterioles have a sig nificant response to changes in P a co2 that is size dependent, the smallest arterioles dilating to a greater extent that the largest. Arterioles were also highly responsive to topical application of adeno sine, but no size dependency in vasodilation was noted. In contrast to the arterioles, venules showed little or no change in diameter with changes in P a co2 or CSF adenosine concentration. Our discussions will focus on the following areas: (Kontos, 1980; Kuschinsky and Wahl, 1980 Craniectomy. We used the power drill only to make a small hole, and instead removed the skull bone in a piecemeal fashion with a microrongeur. CSF. The effect of the composition of CSF on vasoactivity of cerebral vessels has already been studied extensively (Betz, 1976) , and it is widely recognized that reactivity of vessels to a particular substance can be affected by other substances in the artificial CSF. We prepared our artificial CSF based on a study by Davson (1967) . This CSF was equilibrated with 6% CO2, We strove to achieve a P02 of 70-80 mm Hg in the CSF based on studies by Duling et al. (1979) and Ivanov et al. (1982) , who reported the perivascular oxygen tension of cat pial arterioles in this range.
Microscope and video camera system. The Zeiss bright-field-dark-field objectives that we used for microscopy have different characteristics from the Leitz Ultrapak system used in many laboratories (Ma et aI., 1974; Levasseur et aI., 1975; Auer, 1978) .
The working distance of the Zeiss system is only 2.0 mm and the depth of focus is short. With objec tives of x 4 and x 8, focus is not disturbed by the subtle movements of the brain caused by respira tion or CSF superfusion. Should the brain become engorged, as in severe hypoxia, it would be nec essary to refocus the image. Another disadvantage of this short working distance between the objective lens and the brain surface is the inability to manip ulate the brain surface. The advantages of this short working distance and the use of a low light-level video camera are a decreased need for high-inten-sity lighting and consequently fewer problems with light reflectance and heating of the brain surface.
The increase in temperature of the window is <0.2°C with a heat reflection filter. 
Interpretation of vessel image. Since a green filter was used to enhance black-white contrast, the system does not visualize the smooth muscle layer of the vessels. We cannot observe the thin plasma streaming layer along the vessel wall. In small vessels with low-velocity erythrocytes (such as venules), the thickness of the plasma layer may be affected by the change in flow (Charm and Kur land, 1972) . Our method measures the width of the red blood cell stream, not the actual diameter of the vessels or the size of the vascular lumen.
Reactivity of pial vessels
Carbon dioxide. We found a size-dependent re sponse to CO2 inhalation in pial arterioles. (1982) , and in the rat by Dacey and Duling (1982) . In all reports both in vivo and in vitro, aden osine was found to dilate cerebral arteries and ar terioles. The degree of arteriolar dilation with 10-5 and 10-6 M adenosine in our study is comparable with previous observations (Wahl and Kuschinsky, 1976; Gregory et aI., 1980; Dacey and Duling, 1982) . Berne et al. (1974) suggested that smaller pial ar teries dilate more than larger ones, similar to the observation in the heart where smaller arteries are more sensitive than larger vessels to adenosine (Schnarr and Spark, 1972) . However, Wahl and Kuschinsky (1976) In conclusion, the closed pial window technique is a potent method for studying the cerebral circu lation, and its usefulness has now been demon strated in the rat. Using this method we have found that pial arterioles respond in a size-dependent J Cereb Blood Flow Metabol, Vol. 6, No.1, 1986 manner to changes in P aco2' Adenosine, a proposed mediator of CBF, is a potent dilator of pial arteri oles in concentration ranges thought to exist phys iologically.
